Distylous species have two floral morphs with reciprocal positions of sexual whorls, functioning to promote crosspollination. Additionally, most distylous species have an incompatibility system linked to the discrete variation of anthers and stigmas. Here we provide new data on heterostyly, reproductive biology and pollination in four Psychotria spp. from the Cerrado Region (Brazil). Psychotria deflexa, P. nitidula and P. trichophoroides fitted the distylous morphological syndrome, whereas P. prunifolia was monomorphic and self-compatible. Reciprocity varied across species, with the upper whorl of anthers and stigmas being more reciprocal than the lower whorl. Psychotria nitidula has a heteromorphic incompatibility system, whereas P. deflexa and P. trichophoroides showed partial self-compatibility. Psychotria prunifolia and P. trichophoroides were visited by large bees and exhibited lower reproductive efficacy than P. nitidula and P. deflexa, which are visited by wasps and small bees. Our results provide new evidence that the morphological distylous syndrome does not always co-occur with heteromorphic incompatibility and additional mechanisms (e.g. disassortative pollen transfer) may operate to maintain the polymorphism and isoplethy of species with different incompatibility system.
INTRODUCTION
Heterostyly is a sex polymorphism in plants that has evolved in at least 28 families of angiosperms (Barrett & Shore, 2008) and its function has been interpreted as a mechanism for the promotion of cross-pollination and avoidance of selfing (Barrett, Jesson & Baker, 2000) . These functions are attained by morphological and physiological adaptations, namely reciprocal herkogamy and incompatibility system (Ganders, 1979; Barrett, 2002) .
Populations of heterostylous taxa include two (distyly) or three (tristyly) floral morphs with reciprocal placement of anthers and stigma (Darwin, 1877; Barrett, 2002) . This morphological variation usually represents the necessary condition to classify a species as heterostylous, but most heterostylous taxa also have a sporophytic and heteromorphic incompatibility system associated with the polymorphism (Trick & Heizmann, 1992) . With this incompatibility system, only cross-pollination between morphs results in fertilization of ovules and production of seeds (Philipp & Schou,Barrett & Shore, 2008; Klein, Freitas & Da Cunha, 2009; Zhou et al., 2015) .
Theoretical models on the function of floral polymorphisms predict that negative frequency-dependent selection, combined with the mode of inheritance of heterostyly (a supergene with simple Mendelian inheritance, where the locus controlling the morph expression is associated with the incompatibility system locus, Lewis & Jones, 1992) maintain the heterostylus populations at equilibrium (e.g. isoplethy; Fisher, 1930; Heuch, 1979; Pannell, Dorken & Eppley, 2005) . Essentially, isoplethy is maintained when rates of disassortative mating (mating between flowers of different morphs) are greater than the rates of assortative mating (mating between flowers of similar morph). This can be achieved morphologically (e.g. high reciprocity between morphs and efficient pollinators) and by reinforcement of mating patterns by the action of the heteromorphic incompatibility system (Sakai & Wright, 2008; Zhou et al., 2015) . Population deviations from isoplethy are usually associated with atypical morphologies such as homostylous (flowers with stigmas and anthers at the same height) and self-compatible flowers (Ganders, 1979; Barrett & Richards, 1990; Brys et al., 2008; Consolaro et al., 2009; Zhou et al., 2012) . This usually occurs under unpredictable pollination environments or with founder effects, as a mechanism for reproductive assurance (Schoen et al., 1997; Mast, Kelso & Conti, 2006) .
Despite the functional interpretation, the extent to which the morphological heterostylous syndrome contributes to disassortative mating is still unresolved. Estimates of pollen flow in species with pollen dimorphism have provided high rates of assortative pollen transfer in many species (Stone & Thomson, 1994; Lau & Bosque, 2003; Hernandez & Ornelas, 2007; Keller, Thomson & Conti, 2014) . Assortative pollen transfer may be associated with low precision in the placement of anthers, which can result in pollen flow asymmetries (Glover & Barrett, 1986; Barrett & Shore, 1987; Mal & Lovett-Doust, 1997 ). This situation is not surprising because many heterostylous species deviate from the expected perfect match between reciprocal whorls (Faivre & McDade, 2001; P erez, Vargas & Arroyo, 2004; K alm an et al., 2007; S anchez et al., 2010; Ferrero et al., 2011; Keller, De Vos & Conti, 2012) . Reciprocity may be influenced by floral development, particularly in species with epipetalous flowers, in which the anthers are merged to the corolla and the growth of the corolla tube determines the position of the anthers (Faivre, 2000; Faivre & McDade, 2001) . In heterostylous flowers, the epipetalous condition can influence reciprocal herkogamy and pollen transfer in two ways. Firstly, it affects herkogamy in L and S flowers and, therefore, the likelihood of self-pollination and pollen flow among flowers of the same morph (Cesaro et al., 2004; P erez-Barrales & Arroyo, 2010) . Secondly, it affects reciprocity between morphs because the elongation of the filaments and thus the position of the anthers is directly influenced by flower tube length (Richards & Koptur, 1993; Faivre, 2000; Faivre & McDade, 2001; Ferrero et al., 2009a; P erez-Barrales et al., 2014) . Furthermore, when the incompatibility system is not associated with the floral morphs, and intramorph and intermorph crosses are all compatible (Philipp & Schou, 1981; Barrett et al., 1997; P erez-Barrales et al., 2006; Ferrero et al., 2012; Zhou et al., 2015) , the pollinator community can strongly influence mating patterns (P erez-Barrales & Arroyo, 2010; Sim on-Porcar, Santos-Gally & Arroyo, 2014), which results in variation in the morph ratio across populations (P erez-Barrales, Arroyo & Armbruster, 2007; P erezBarrales et al., 2009; Santos-Gally, Vargas & Arroyo, 2012) .
Rubiaceae include more heterostylous species than any other plant family (Dulberger, 1992) . They are divided into three monophyletic subfamilies (Rubioideae, Ixoroideae and Cinchonoideae) and they all include distylous species, although distyly commonly occurs in the subfamily Rubioideae (Faivre & McDade, 2001; Bremer & Eriksson, 2009; Ferrero et al., 2012) . In Rubioideae, Psychotria L. is the most important genus and heterostyly appears to be an ancestral condition, as shown at the family level in a phylogenetic context (Robbrecht, 1988; Hamilton, 1990; Ferrero et al., 2012) . At the generic level, Psychotria shows substantial variation in the expression of the polymorphism across species and populations, physiologically (variation in incompatibility system) and morphologically (variation in the matching between reciprocal organs) (Sakai & Wright, 2008; Consolaro, Silva & Oliveira, 2011; Faria et al., 2012; Naiki, 2012; Rodrigues & Consolaro, 2013) .
We studied four species from the Brazilian Cerrado Biome to increase the current knowledge of the floral biology and variation of the heterostylous syndrome in Psychotria. Specifically, we aimed to (1) describe morph ratio variation in the populations of the study species, (2) detect differences between morphs in floral traits and describing reciprocity, including a test to evaluate the effect of the corolla tube length on the position of anthers and stigmas, and therefore the effects on reciprocity, (3) characterize the incompatibility system and reproductive parameters and the level at which the incompatibility reaction occurs (stigma or style level), and (4) document the main floral visitors. We compared our results with the available information in other species of Rubiaceae, underlying the possible ecological and genetic causes behind the observed variation.
MATERIAL AND METHODS

STUDY AREA
The study was carried out in the city of Catalão, located in the Cerrado Region in south-eastern Goi as (Brazil) (Vieira, Coutinho & da Rocha, 2012) . The climate is of the AW type, with two distinct seasons: a cold and dry season from May to September and a hot and wet season from October to April (Koeppen, 1948) .
STUDY SPECIES
Four species of Psychotria subgenus Heteropsychotria Steyerm. were studied. Psychotria deflexa DC., P. nitidula Cham. & Schltdl. and P. trichophoroides M€ ull.Arg. are all dimorphic for style length and P. prunifolia (Kunt) Steyerm. is monomorphic. Psychotria nitidula has a shrubby habit, whereas the other species are sub-shrubs. Flowering occurs between October and January, but peak flowering differs between species (S a, 2013); hence, fieldwork was conducted at peak flowering for each species to optimize the efforts of the data collection (see details below). Psychotria deflexa, P. nitidula and P. prunifolia occurred at Mata do Sector Santa Cruz, whereas P. trichophoroides occurred at Pasto do Pedrinho. Because these two patches are relatively small, embedded in an urban environment and several kilometres apart from the closest natural area (c. 3 km), we considered that each species was represented by one population. All species were common and equally abundant in the study areas, with the exception of P. deflexa, which was less common. Psychotria deflexa, P. nitidula and P. trichophoroides were distributed in a heterogeneous way; P. prunifolia usually appeared grouped in clusters (H. Consolaro, pers. comm.) . Vouchers of the species were deposited in the herbarium of the Federal University of Goi as (Goiânia, Brazil), with the voucher numbers P. deflexa (47 920), P. nitidula (43 241), P. prunifolia (43 236) and P. trichophoroides (47 921).
FLORAL BIOLOGY
Data on anthesis, floral longevity, pollen release and stigma receptivity were collected for all species. Five flowers were tagged before opening in ten individuals of each morph, totalling 100 flowers in the dimorphic species and 50 in the monomorphic species. The start of anthesis was considered to occur when the corolla lobes began to separate and floral longevity was considered to be the period between the opening of flowers until they turned dark and displayed a fragile appearance. The release of pollen was determined by the observation of pollen grains after anther dehiscence and the stigma was considered to be receptive once the stigmatic lobes were fully separated (Coelho & Barbosa, 2003; Consolaro, Silva & Oliveira, 2005) .
MORPH RATIO, FLOWER MORPHOLOGY, CATEGORIZATION OF THE STYLE POLYMORPHISM AND RECIPROCITY
MEASUREMENTS
Morph ratio was investigated in a long transect of at least 800 m, which represented the maximum fragment length for the two fragments. Floral morphs from all plants found within 5 m on both sides of the transect were recorded (Consolaro et al., 2009 (Consolaro et al., , 2011 . These data were collected at the flowering peak of each species to ensure that most of flowering individuals were included. Departures from the expected 1:1 morph ratio were analysed with a chi-squared test performed with R statistical software (R Development Core Team, 2009 ). Four to five flowers in ten individual plants per morph were collected and fixed in 70% ethanol for floral measurements (see below). Flowers were classified either as L-morph or Smorph when the stigmatic lobes were placed above or below the anther level, respectively. Floral measurements were obtained with a digital calliper (error = AE 0.01 mm) and the traits measured were: (1) anther height (from the basis of the corolla to the middle of the anther); (2) style length (from the basis of the corolla to the basis of the stigma); (3) stigmatic lobes length (from the basis of the stigma to its apex); (4) stigma height, estimated as the sum of style length and length of the stigmatic lobes divided by 2 to avoid overestimation of the height (the stigma in Psychotria spp. is bifid and the stigmatic lobes are fully separated during anthesis); (5) corolla tube length; and (6) herkogamy, measured as the absolute value of the difference between anther length and stigma height. For dimorphic species, generalized linear mixed models were used to detect differences between morphs for all traits. In these models, the response variable was the floral trait, the fixed factor was the morph and the random factor was the individual plant. For the monomorphic P. prunifolia, a paired t-test stratified per individual was applied to compare anther height and stigma height. To control for the lack of independence, a bootstrap analysis (n = 20 000 permutations) was implemented to detect significant differences (Manly, 1998) . These analyses were conducted using SPSS version 22.0 (IBM Corporation Released, 2013) .
The results of the above analyses were used to categorize the type of polymorphism of the species as described in Ferrero et al. (2009b) . Specifically, the categories considered were: stigma height dimorphism, i.e. two morphs with anthers at the same height and different position of the stigma; distyly, i.e. two morphs showing reciprocal placement of anthers and stigmas in the two morphs; homostyly, i.e. when the length of the style equals that of the anthers in the flowers; and approach herkogamy, i.e. when the stigma is placed above the anthers.
Reciprocal placement of anthers and stigma was further studied with the reciprocity index developed by S anchez, Ferrero & Navarro (2008 and by investigating the influence of corolla tube length on the herkogamy of the two floral morphs (Faivre & McDade, 2001 ). The reciprocity index compares the relative position of the sexual organs (anthers and stigmas) of each flower in relation to the reciprocal organ in the flowers of the opposite morph. The index varies between 0 and 1 (values closer to 1 correspond to higher reciprocity) and it provides an overall estimate of how reciprocal the two floral morphs are. The index can be calculated using RECI-PROCITY, a simple macro for Excel. A full description of the index and the software for the development of the analysis is available in http:// webs.uvigo.es/plantecology/software.es.html.
The approach used by Faivre & McDade (2001) aims at understanding the effect of corolla tube length on anther and stigma height. From a theoretical perspective, the reciprocal placement of anthers and stigmas should result in similar herkogamy between L and S flowers (Barrett, 2002) . However, flowers in Rubiaceae family are epipetalous and the filaments are fused with the flower tube. Hence, the position of anthers can be influenced by developmental processes unrelated to the function of the polymorphism but related to the length of the corolla, which may differ between morphs (Faivre & McDade, 2001; Conner, 2002; Santos-Gally et al., 2012; P erez-Barrales et al., 2014; Santos-Gally et al., 2015) . We studied this phenomenon with a generalized linear mixed model in which the height of the organ was the response variable, the fixed factor was the organ type (anther, stigma), corolla tube length was included as covariate and individual plant was included as a random factor (see Faivre & McDade, 2001 ; for details). To evaluate whether the slopes of the regression line for anther height and stigma height of the same plant differed, the interaction term morph 9 corolla tube length was included. In this analysis, a regression slope between corolla tube length and the organ type that statistically differs from zero can be interpreted as a significant relationship between the length of the corolla tube and the corresponding floral whorls (stamens and style). When the slopes for anther height and stigma height are significant but unequal, the height of the sexual organs of the flowers (stamens or style) increases more markedly in one than in the other. When the slopes of the linear regressions are equivalent and significant, the effect of the corolla on the height of the floral sexual organs is similar (Faivre & McDade, 2001) . Finally, to understand whether departures from the expected reciprocal placement of anthers and stigmas between morphs are caused by the lack of accurate placement of the upper level organs (L stigma and S anthers) or the lower level organs (S stigmas and L anthers), a general linear mixed model was used in which the height of reciprocal organs was the response variable, the fixed factor was of the morph type, corolla tube length was included as a covariate, and the individual plant was included as a random factor. To evaluate whether the slopes of the regression line for anther height and stigma height between morphs differed, the interaction term morph 9 corolla tube length was included (see details above).
BREEDING SYSTEM
To describe the breeding system of the species, hand pollinations were conducted to study pollen tube growth and fruit formation. Flowers in Rubiaceae produce two ovules, and fruit production is a good proxy to describe the breeding system (Bawa & Beach, 1983; Castro, Oliveira & Alves, 2004) . The experiments were conducted under natural conditions and data on fruit formation, rather than seed formation, were collected to avoid data loss as a result of herbivory or fruit predation. Due to the capituliform morphology in all species (except for P. nitidula), the experiments were performed per inflorescence (i.e. two to six flowers) in eight to ten individuals per morph and treatment. We bagged several flower buds per plant and randomly assigned one of the following treatments: (1) intramorph crosspollination (L-morph 9 L-morph or S-morph 9 Smorph); (2) intermorph cross-pollination (L-morph 9 S-morph or S-morph 9 L-morph); (3) obligatory self-pollination (flowers were hand pollinated using pollen from the same flower); (4) spontaneous selfpollination (flowers were just bagged); and (5) control flowers (flowers exposed to open natural pollination). Inflorescences were protected from pollinators and herbivores using mesh bags during the experiment, except for the control treatment. The intermorph cross-pollination treatment was not performed in P. prunifolia as the species is monomorphic. Statistical comparisons between treatments were based on fruit set (number of fruits/number of flowers). For each species, the effects of pollination treatment, morph and the interaction term were explored with a generalized linear mixed model, in which treatment and morph were included as fixed factors and individual plants were included as a random factor to account for within-subject variability. Fruit set was modelled with a binomial distribution using the logit link function. We used LS means to detect significant differences between treatments. Analyses were conducted with SPSS version 22.0 (IBM Corporation Released, 2013).
To describe the degree of incompatibility in the four species, a self-incompatibility index was calculated (ISI) as the ratio between the number of fruits formed after the hand self-pollination treatment and the intermorph hand cross-pollination treatment (Zapata & Arroyo, 1978) . Values of this index < 0.25 indicate that the species is self-incompatible (Bullock, 1985) . The reproductive efficacy (RE) was estimated as the ratio between fruit production obtained from the control pollinations and fruit production resulting from the intermorph hand cross-pollination treatment (Zapata & Arroyo, 1978) .
Pollen tube growth was observed to describe whether the incompatibility reaction takes place in the stigma or along the style. Specifically, hand-pollination treatments (1) to (3) were performed and the styles were collected and fixed in 70% alcohol at 4 and 8 h after the application of the hand pollination. The time of collection was determined in relation to the floral longevity of the species (see above). For each species, 20 flowers (ten per schedule: 4 h and 8 h) were hand pollinated in ten individual plants per morph (two flowers per individual). Pollen tube growth was observed using epifluorescence microscopy as described by Martin (1959) . Stigmas and styles were softened with 9 M sodium hydroxide for 15 min at 60°C, washed in distilled water and placed overnight in 0.1% (w/v) aniline blue prepared in 0.1 M potassium phosphate (Dafni, Kevan & Husband, 2005) . They were then placed on a microscope slide with a drop of 50% glycerin, squashed beneath a coverslip and observed using an epifluorescence microscope. We also reviewed the published research on incompatibility system and place of incompatibility (along the stigma-style) in Rubiaceae using the databases Web of Science, Scopus and Sciello. The following keywords were used: incompatibility system, incompatibility reaction, Rubiaceae, distyly, polymorphism and pollen tube. We completed the information using the information gathered from Brazilian theses and dissertations.
FLORAL VISITORS
Observations of pollinators were made by two observers at the flowering peak for each species. The observations were conducted between 5:30 and 17:30 h in four patches that included only one Psychotria sp. and the number of visits was recorded. Six hours of observations were performed at each patch, accumulating a total of 24 h of observations per species. Patches presented similar number of Lmorph and S-morph plants. The insect visitors were photographed, collected and subsequently identified by specialists. The specimens were deposited in the Integrated Laboratory of Zoology, Ecology and Botany (Lizeb) of thee Federal University of Goi as/Campus Catalão (Brazil).
RESULTS
FLORAL BIOLOGY
All species have white, tubular gamopetalous corollas, with pentamerous and actinomorphic flowers and five stamens per flower. The calyx of all species was greenish, gamosepalous and pentamerous. Psychotria prunifolia and P. trichophoroides have terminal, capituliform inflorescences, whereas P. nitidula and P. deflexa have terminal, paniculate inflorescences (Fig. 1) . In all species, anthesis started at 4:00-5:00 h and, immediately after anthesis, the stigmatic lobes were receptive and the anthers started to release pollen. In all species, flowers lasted approximately 12 h.
MORPH RATIO, FLOWER MORPHOLOGY, CATEGORIZATION OF THE STYLE POLYMORPHISM AND RECIPROCITY
MEASUREMENTS
Morph ratio in P. deflexa, P. nitidula, and P. trichophoroides did not depart from the expected 1:1. The proportions of L:S plants were 21:26 for P. deflexa (chi-squared = 0.53, P = 0.46), 24:20 for P. nitidula (chi-squared = 0.36, P = 0.54) and 50:47 for P. trichophoroides (chi-squared = 0.09, P = 0.76). Seventy-five individuals of P. prunifolia were surveyed and all the flowers assessed displayed similar morphology, with stigmatic lobes slightly above the anthers. Table 1 summarizes mean AE standard deviation for all floral measurements. The comparisons between morphs for the three sexually dimorphic species showed that floral morphs did not differ for corolla tube length. In contrast, differences between morphs in anther height, style length and stigma height were statistically significant (Table 1) . This situation suggests that P. deflexa, P. nitidula and n.s. = not significant. *P < 0.05, **P < 0.01, ***P < 0.001.
P. trichophoroides can be classified as distylous (Ferrero et al., 2009b) . Both herkogamy and stigmatic lobes were larger in S flowers that in L-flowers and these differences were statistically significant (Table 1 ). The analysis of P. prunifolia showed that stigma height was larger than the anther height (Table 1) The analysis to evaluate the effect of the length of the corolla tube on anther and stigma height within morph revealed different patterns across species. For all the heterostylous species and the monomorphic species, there was a positive and significant relationship between corolla tube length and stigma height for the L-morph; in contrast, only P. nitidula and P. prunifolia showed a significant relationship between corolla tube length and anther height (Table 2, Fig. 2) . The results for the analysis of S flowers revealed different trends. The slopes between corolla tube length and anther height were positive and statistically significant for all species, whereas there was a positive and statistically significant relationship between corolla tube length and stigma height only in P. deflexa (Table 2, Fig. 2 ). The slopes of the regression of anther height and stigma height on corolla tube length for L-flowers were only statistically different in P. trichophoroides (Table 2) . For this species, stigma height increased more rapidly than anther height (Fig. 2) . For S-morph flowers, differences in slopes were statistically significant for P. nitidula and for P. trichophoroides (Table 2 ). For P. nitidula, anther height increased more rapidly than stigma height; in contrast, in P. trichophoroides anther height showed a positive relationship with corolla tube length, whereas the relationship was negative between stigma height and corolla tube length (Table 2, Fig. 2) . The analysis to evaluate the level to which corolla tube length influences the reciprocal position of upper and lower organs showed that, for all the distylous Psychotria spp., the slopes for the upper organs (i.e. L stigma height and S anther height) were not statistically different (P. deflexa: F 1,78 = 3.637, P = 0.06; P. nitidula: F 1,78 = 0.533, P = 0.46; P. trichophoroides: F 1,78 = 0.004, P = 0.95, see Table 2 for slope values). For the lower organs, the slope of L anther height and S stigma height on corolla tube length were not statistically different for P. trichophoroides (F 1,78 = 2.299, P = 0.13), whereas differences for P. deflexa and P. nitidula were detected (F 1,78 = 4.315, P = 0.05 and F 1,78 = 11.854, P < 0.001, respectively).
BREEDING SYSTEM
Values for the fruit set after hand pollinations for each species are summarized in Table 3 . There were not any significant differences in fruit set between morphs for any species and the interaction term treatment 9 morph was not significant, indicating that L and S flowers responded in a similar manner to all treatments (Table 4 ). Significant differences in fruit set were found between control and intermorph pollinations for P. deflexa and P. nitidula. This finding suggests that these two species present the typical, heteromorphic incompatibility system of heterostylous taxa (Table 3, Fig. 3 ). These species showed ISI values that were equal to zero, which indicates that the species are self-incompatible (the presence of values < 0.25 indicates the presence of a The statistically significant slopes between corolla length and the organ are highlighted in bold. self-incompatibility system; Bullock, 1985; Table 3 ). In P. trichophoroides there were not any statistically significant differences between the self-pollination treatments and the control and fruit set was higher in the intermorph crosses than in any other crosses. The L-morph of this species showed an ISI value of 0.30 (Table 3) , suggesting that the species shows a level of self-compatibility. Psychotria prunifolia did not show differences in fruit set between the self-pollination treatments (treatments 3 and 4; see above); however, fruit set after hand self-pollination was lower than the control and intramorph crosses ( Table 3 ). The ISI index value indicates that this species is self-compatible (ISI = 0.75). Psychotria nitidula showed the largest RE values (Table 3) ; across species and morphs, RE values were larger in the L-morph than in the S-morph. The observations of pollen tube growth in the three heterostylous species showed that pollen tubes from legitimate hand pollinations reached the ovary in the first 4 h. The description of the site where the incompatibility reaction occurred is summarized in Table 5 . For most of intramorph and self-pollinations, the interruption of the pollen tube occurred in the first 4 h. In the S-morph, pollen tubes stopped at the stigma level; in contrast, the interruption of pollen tubes occurred along the style in the L-morph. In P. deflexa and P. trichophoroides, some of the pollen tubes from illegitimate pollinations reached the style further down after 8 h. In P. nitidula, the pollen tubes produced after illegitimate pollination stopped at the stigma or the upper area of the style in both morphs. In P. prunifolia, the pollen tubes reached the end of the style after 4 h for both the self-and cross-pollination. Table 6 includes the data about the location (stigma or style) of the incompatibility reaction across different species of Rubiaceae gathered from the literature review. Most of the information available corresponds to distylous species, with the exception of some homostylous Psychotria spp. The data show substantial variation in the place where the incompatibility reaction occurs, occurring at the stigma and style level, with variation being greater for the L-than the S-morph. Table 7 summarises the observations of floral visitors and number of visits. Insect activity started at 5:00 h and ended at 17:30 h and the peak of activity occurred between 9:00 and 10:00 h. Psychotria Table 3 . Results for fruit set after hand-pollination treatments in Psychotria spp. and reproductive indices calculated using fruit set values (see details in Material and Methods). Number of flowers used for pollinations (in brackets). Intermorph and intramorph stands for intramorph and intermorph hand pollinations, control stands for open pollination, SSE and Self stands for spontaneous self-pollination and hand self-pollination, respectively. The reproductive indices are self-incompatibility index (ISI; Zapata & Arroyo, 1978) and reproductive efficacy ratio (RE; Zapata & Arroyo, 1978) Table 4 . Results of the generalized mixed linear model analysis for the comparisons of the fruit set after different hand-pollination treatments (see Material and Methods for details) in four Psychotria spp. In P. prunifolia, only differences among treatments were considered as it is a monomorphic species P. nitidula P. deflexa P. prunifolia P. trichophoroides nitidula received the largest number of visits (1992) and P. trichophoroides had the fewest (102). Wasps of the genus Pepsis were the main visitors of P. deflexa (90 visits, 36% of total visits). The honeybee Apis mellifera was the most common pollinator of P. nitidula (1794 visits, 90% of total visits) and it was also frequent in P. deflexa. Psychotria trichophoroides and P. prunifolia were visited mostly by bees of the genus Epicharis [128 (51% of total visits) and 53 (52% of total visits) respectively].
FLORAL VISITORS
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DISCUSSION
Reciprocal herkogamy is considered to be the main feature to classify a species as heterostylous (Barrett, 1992; Faivre & McDade, 2001 ) and it involves the complementary placement of anthers and stigmas in flowers of different morphs (Ganders, 1979) . In addition, heterostylous species commonly possess a heteromorphic incompatibility system that prevents selfing and fertilization among plants of the same morph (Barrett, 2002) . These morphological and physiological characteristics were considered linked in the early literature (Darwin, 1877; Ganders, 1979; Barrett, 1992) , but research on various plant groups has shown that the morphological syndrome and incompatibility system are not always genetically associated (P erez- Ferrero et al., 2012; Santos-Gally, Gonzalez-Voyer & Arroyo, 2013a) . In the present study, we described variation in flower morphology, reciprocity and the place of the incompatibility reaction in several heterostylous species of Psychotria, a genus with substantial variation in the expression of the polymorphism (Faivre & McDade, 2001; Oliveira, 2008; Sakai & Wright, 2008; Consolaro et al., 2011; Rodrigues & Consolaro, 2013) .
VARIATION IN FLOWER MORPHOLOGY, RECIPROCITY AND MORPH RATIO
We confirmed that one species was monomorphic and the populations studied of the other species presented two floral morphs. Theoretical expectations on Figure 3 . Mean AE standard error (SE) of fruit set in the studied Psychotria spp. after hand-pollination treatments. Pollination treatments were: intramorph cross-pollination (L 9 L, S 9 S; intra), intermorph cross-pollination (L 9 S, S 9 L; inter), spontaneous self-pollination (self-sp), self-pollination (self-pol). Results from flowers exposed to natural pollinations are also shown (control). As there were no statistical differences between floral morphs within species, the results for both morphs are plotted together for each taxon. Different letters indicate significant differences.
the morphological variation in heterostylous species predict that reciprocal placement of anthers and stigmas occur when the herkogamy values of the Lmorph and S-morph are similar (Darwin, 1877; Charlesworth & Charlesworth, 1979; Lloyd & Webb, 1992a) . The dimorphic Psychotria spp. in this study fit the morphological syndrome as they show reciprocal herkogamy, although the degree of reciprocity varied and was not completely accurate (e.g. reciprocity in P. deflexa was approximately half the values obtained for P. trichophoroides and P. nitidula). We also found that herkogamy was higher for the S-morph than the L-morph in all the species, as previously found in Psychotria (Hamilton, 1990; Faivre & McDade, 2001 ; H. Consolaro; R. Perez-Barrales; P.E. Oliveira & J. Hay, unpubl. data) and other Rubiaceae (Richards & Koptur, 1993; Ree, 1997; Faivre & McDade, 2001; Consolaro et al., 2009) . To understand departures from the expected reciprocity better, we explored the influence of corolla tube length on the position of anthers and stigmas (Faivre, 2000; Faivre & McDade, 2001; Conner, 2002; Ordano et al., 2008; Bissell & Diggle, 2010; Santos-Gally et al., 2013a; P erez-Barrales et al., 2014; Santos-Gally et al., 2015) and detected interesting patterns. The rate of change of anthers and stigmas was similar in the monomorphic species and in the L-morph of the distylous species, except for P. trichophoroides. In contrast, the slopes in the Smorphs were only similar in P. deflexa. Furthermore, we tested the hypothesis that the regression slope between corolla tube length and anther height should be similar to the slope between corolla tube length and stigma height of the reciprocal organ (Faivre & McDade, 2001 ). We detected a similar positive relationship between corolla tube length and the position of the upper organs (i.e. stigma height in Lflowers, anther height in S-flowers). In contrast, this relationship was not significant for the lower organs, with the exception of the short style of P. deflexa and short anthers of P. nitidula. These trends suggest that the upper organs are more reciprocal than the lower organs. In Psychotria, the anthers are physically linked to the corolla and a strong relationship between corolla tube length and anther position should be expected, regardless of the morph (Faivre, 2000; Faivre & McDade, 2001; Conner, 2002; P erezBarrales et al., 2014) . A significant relationship between the height of the sexual organs and the length of the corolla has been reported for other species of Rubiaceae, including Bouvardia ternifolia (Cav.) Schltdl., Palicourea fendleri Standl., Guettarda scabra (L.) Lam., Psychotria chiapensis Standl. and Psychotria poeppigiana Mull.Arg. (Sobrevila, Ramirez & De Enrech, 1983; Richards & Koptur, 1993; Faivre, 2000; Faivre & McDade, 2001) , and in Primulaceae, also with epipetalous stamens (Nishihiro et al., 2000; Webster & Gilmartin, 2006; K alm an et al., 2007) . In contrast, in the distylous Amsinckia Lehm. (Boraginaceae) this relationship was not significant (Li & Johnston, 2010) . In Narcissus L. (Amaryllidaceae), floral tube length and the epipetalous stamens were considered important traits in the evolution of style dimorphism and heterostyly (Santos-Gally et al., 2013b) . The length of the flower tube influences the position of the sexual organs and this relationship differs among populations and species depending on the historical and/or ecological context, as shown in Narcissus (P erez- Barrales et al., 2007; Santos-Gally et al., 2013a; P erez-Barrales et al., 2014; Santos-Gally et al., 2015) . In Psychotria, future research should address whether variations in herkogamy, upper and lower organ reciprocity patterns result from developmental constraints (Faivre, 2000; Conner, 2002; Bissell & Diggle, 2008 , 2010 P erezBarrales et al., 2014) , pollinator-mediated natural selection (P erez-Barrales & Arroyo, 2010; SantosGally et al., 2013a) or both (Armbruster & Muchhala, 2009; Armbruster et al., 2009a ). An important result of our study consist of the maintenance of the 1:1 ratio in the populations of the species studied, regardless the variation in reciprocity. All four Psychotria spp. are perennials and, as expected, morph ratios have been consistent in these patches in later years (S a & Consolaro, personal observations). The heteromorphic incompatibility system usually allows maintenance of the 1:1 morph ratio, as is probably the case in P. deflexa and P. nitidula. However, when the incompatibility system does not operate fully, the maintenance of isoplethy depends on high rates of intermorph mating promoted by efficient pollinators (Lloyd & Webb, 1992b; Thompson, Barrett & Baker, 2003; Cesaro et al., 2004; P erez-Barrales & Arroyo, 2010) . Psychotria trichophoroides showed a level of self-compatibility and it could be possible that pollinators play an important role in maintaining the polymorphism and the 1:1 morph ratio (see discussion below).
DIFFERENCES IN BREEDING SYSTEM
Distylous species typically present a diallelic incompatibility system (Barrett & Shore, 2008) . In Rubiaceae, Psychotria is perhaps the genus with the greatest variation in the incompatibility system, with c. 9.5% of the species with deviations to self-compatibility (see Table 6 for a comparison with other Rubiaceae). The species studied here differed in the degree of self-compatibility: P. nitidula presented the expected heteromorphic incompatibility, whereas the other species displayed a level of self-compatibility. We did not find significant differences among the treatments intermorph, intramorph and spontaneous self-pollination in P. deflexa, but fruit production was low for intramorph and self-pollinations. Furthermore, this species displayed the lowest fruit production in the control treatment (open natural pollination; Fig. 3 ), despite having similar habitat, flower morphology and pollination ecology to the other species. Pollen limitation or resource allocation are the two main hypotheses usually invoked when attempting to explain the low production of fruits and seeds per flower (Stephenson, 1981; Sutherland, 1986; Charlesworth, 1989) . The low reproductive success in P. deflexa may be caused by pollen limitation, although further investigation is needed to understand whether this phenomenon is associated with low visitation rates or inefficient pollen transfer between morphs. Psychotria trichophoroides appeared to be partially self-compatible and showed intramorph incompatibility. In heterostylous species of Rubiaceae, self-compatibility often occurs in monomorphic species (Sobrevila et al., 1983; Consolaro et al., 2005; Sakai & Wright, 2008; Consolaro et al., 2011; Rodrigues & Consolaro, 2013) . Psychotria prunifolia was a self-compatible, monomorphic and herkogamous species. In the absence of a phylogenetic tree, it is unclear whether the self-compatibility and monomorphic condition of this species is ancestral to distyly (Lloyd & Webb, 1992b) or a derived condition resulting from the supergene recombination (Ganders, 1975; Hamilton, 1990) . Transition to monomorphism in heterostylous plant groups is associated with the loss of self-incompatibility. This association has been shown in families such as Amaryllidaceae (Narcissus, P erez-Barrales et al., 2006), Linaceae (Linum L., Nicholls, 1986; McDill et al., 2009) and Primulaceae (Primula L., Ernst, 1955; Mast et al., 2006) . Once the incompatibility system is lost, it is rarely regained, at least in its ancestral form (Barrett, 2013) . Taken together, our results suggest that the incompatibility system in Psychotria is labile and further work is required to clarify the evolutionary transitions from monomorphism to distyly and vice versa in the group.
In many species of Rubiaceae, crosses between L flowers tend to be more compatible than those between S flowers and the place of pollen tube interruption appears to be similar to that of species with gametophytic incompatibility system. This difference has been described in Hedyotis L., Pentas Benth. and Oldenlandia L. (Bir-Bahadur, 1966 , 1968 , 1970a Ganders, 1979) . Our results combined with those found in the literature review indicated that most pollen tubes from illegitimate crosses were interrupted in the stigma or upper part of the style (Table 6 ), but some variation between morphs was detected with regards to the site of disruption of pollen tubes. Furthermore, variation in the place of interruption was greater in the L-morph than in the S-morph for the self-and intramorph treatments, which could be caused by the presence of two or more distinct incompatibility mechanisms (sporophytic and gametophytic) in the family (Bawa & Beach, 1983) . In many species, the incompatibility reaction occurs in the same site for both morphs (Baker, 1966; Dulberger, 1975; Murray, 1990; Wedderburn & Richards, 1990 ) and our review of 43 species of Rubiaceae seems to indicate an absence of a common pattern in the variation of inhibition sites for pollen tubes between floral morphs (Table 6) . However, an observed trend is the greater pollen tube penetration for the L-morph compared with the S-morph (Wedderburn & Richards, 1990) . This variation is also confirmed in the studied species and has been related to differential growth rates due to distinct pollen grain size (S-morph pollen grains are commonly larger: Darwin, 1877; Dulberger, 1992) .
POLLINATION CONTEXT
Only insects visited the flowers of the studied Psychotria spp. and the most frequent visitors were wasps, flies and bees. Psychotria prunifolia and P. trichophoroides were visited mainly by large bees (Epicharis cockerelli and E. flava) whereas P. nitidula and P. deflexa were visited by wasps (Pepsis sp.) and small bees (Apis mellifera and Augochloropsis sp1). The distylous floral syndrome requires efficient cross-pollination between anthers and stigma at different levels (Barrett, 2002 ) and a morphological match between the flower shape and the size of the pollinator (Armbruster, Edwards & Debevec, 1994; Campbell, Waser & Price, 1996; Alexandersson & Johnson, 2002; Castellanos, Wilson & Thomson, 2004; Armbruster et al., 2006 Armbruster et al., , 2009b . The maintenance of the 1:1 morph ratio in the partially selfcompatible P. trichophoroides can occur if large bees promote higher rates of disassortative mating than assortative mating. Psychotria deflexa is a species with small corollas (Table 1) , but with the largest pollinator (Table 4) . Based on the high rate of RE in the L-morph, the low values in the S-morph and the low reciprocity of the species, it could be predicted that the efficiency of pollinators differed between morphs. However, the 1:1 morph ratio observed in P. deflexa suggests that the incompatibility system or perhaps differences between morphs in fecundity (Ree, 1997) maintains isoplethy. Future research should address these hypotheses. The Psychotria spp. studied here differed in flower morphology, reciprocity and incompatibility system. This finding supports the hypothesis that distylous species can follow different strategies to maintain the polymorphism and the isoplethic morph ratio. Psychotria nitidula showed high reciprocity index, a high rate of reproductive efficacy and a heteromorphic incompatibility system, as expected in typical distylous species. Psychotria deflexa also showed a heteromorphic incompatibility system, but the low reciprocity might affect pollen flow, which may be the cause of the asymmetries. Psychotria trichophoroides presented a relaxed self-incompatibility system and high reciprocity. Psychotria prunifolia, a monomorphic self-compatible species, showed high fruit production and high reproductive efficacy. Our results support the lack of correlation between distyly and the incompatibility system, which is more common than previously thought (P erez- Ferrero et al., 2012; Santos-Gally et al., 2013b) . Future research should adopt a functional and an evolutionary perspective to understand the adaptive value of the morphological and physiological variation in relation to the pollination environment to understand fully the origin and maintenance of heterostyly. Rubiaceae, and Psychotria in particular, represent an excellent plant group to address these questions.
